We have investigated high-temperature dielectric properties of titania nanosheet (Ti 0.87 O 2 ), a new class of high-¬ nanomaterials derived from the exfoliation of layered compounds. In-situ characterizations using atomic force microscopy indicate a robust insulating property in a monolayer form of Ti 0.87 O 2 nanosheets even at 200°C. Furthermore, layer-by-layer assembled nanocapacitors exhibit both size-free high-¾ r characteristic (³120) and high insulation resistance (³10 ¹7 A/cm 2 ) at high temperatures up to 250°C. The simultaneous improvement of ¾ r and thermal stability in high-¬ nanodielectrics is of critical importance for applications of high-temperature capacitors.
Introduction
High-¬ dielectric materials have been extensively investigated for decades due to both fundamentally scientific interests and application in important technologies. Recent advances in microelectronics technologies have made the importance of materials with the unusual combination of high dielectric constant (¾ r ), low dielectric loss (tan ¤), and low temperature dependence of ¾ r . In particular, the search of new high-¬ capacitor dielectrics for high-temperature applications has been a significant challenge in recent years. 1) 3) Cutting-edge technology in automotive industries requires high-temperature capacitors operable at >200°C. In future electronics, the requirements for capacitor devices generally tend towards miniaturized dielectrics with higher ¾ r , lower tan ¤, and reduced leakage current (J). 4) 6) The absence of suitable high-temperature nanodielectrics is one of the major barriers to meet this goal.
The dielectric materials can be broadly divided into two subgroups according to their polarization nature: paraelectric materials with nonpolar atomic arrangements and ferroelectric materials with spontaneous polarization that result from polar atomic displacements. The former class of materials (such as Al 2 O 3 , TiO 2 , and HfO 2 ) has advantages of low tan ¤ and a fairly low temperature dependence of ¾ r but suffer inherently from relatively low ¾ r values (typically < 100). 7)9) In contrast, the latter class of materials, mainly based on ferroelectric perovskites, e.g., (Ba 1¹x Sr x )TiO 3 and Pb(Zr,Ti)O 3 , can be tailored to yield high ¬ values (¾ r > 1000).
10),11) However, these perovskites show large variations in ¾ r with temperature, which is undesirable for many applications. For instance, capacitor applications must stably maintain stable ¾ r values to operate properly under a variety of conditions. However, thin films of these perovskites often yield reduced ¬ values that are a few orders of magnitude smaller than bulk values, and high-¬ properties in nanofilms are hindered by tradeoffs inherent to high tan ¤ and J. 4) 6) The design of high-temperature nanodielectrics remains an unresolved and challenging issue in nanoelectronics.
Very recently, we reported a new strategy to this problem by using high-¬ perovskite nanosheets with a paraelectric ground.
12),13) Perovskite nanosheets are a new class of twodimensional (2D) nanomaterials derived from the exfoliation of layered compounds. Through various in-situ characterizations, we found a robust thermal stability of Ca 2 Nb 3 O 10 nanosheet even in a monolayer form (³2 nm), and layer-by-layer assembled nanocapacitors exhibited a stable temperature characteristic up to 250°C, suitable for the use of high-density capacitors in hightemperature applications. Such 2D nanosheets provide an unusual environment in structure reconstruction, causing a robust thermal stability. Also, quantum confinement effects in 2D nanosheets cause an enlarged bandgap, which is favorable to a highly insulating nature compared to bulk systems. These features indicate that 2D nanosheets are a very useful for the use of high-temperature nanodielectrics.
Here, we extend our work to one-nanometer-thick titania nanosheet (Ti 0.87 O 2 ), a material being another target for high-¬ nanodielectrics (Fig. 1). 14)16) A unique aspect of Ti 0.87 O 2 nanosheet is its structural stability at high temperatures. Previous structural studies using in-plane XRD revealed that 2D structure is stable up to 800°C even in a monolayer film with an extremely small thickness of ³1 nm, suitable for the use of high-temperature applications. 17) In this study, we performed high-temperature insulating properties of individual Ti 0.87 O 2 nanosheets using in-situ atomic force microscopy (AFM). We also investigated in-situ high-temperature dielectric and insulating properties of multilayer films of Ti 0.87 O 2 nanosheets.
Experimental
A colloidal suspension of Ti 0.87 O 2 nanosheets with the lateral dimension of 510¯m was prepared by delaminating a layered titanate (K 0.8 Ti 1.73 Li 0.27 O 4 ) according to previously reported procedures. 18) Monolayer and multilayer films were fabricated by LangmuirBlodgett (LB) technique (Fig. 2) .
14)16) An atomicallyflat SrRuO 3 film, consisting of a 50-nm-thick (001)-oriented epitaxial SrRuO 3 film on a (001) SrTiO 3 single crystal, was used as a bottom electrode. Before the film deposition, the substrate (1 © 1 cm 2 ) was photochemically cleaned using ultraviolet (UV) light irradiation in ozone. A diluted suspension of the nanosheets was used as a subphase to form the LB films without amphiphilic molecules. In the LB process, the packing density of the nanosheets in the films can be controlled by the surface pressure at the air-water interface. A densely-packed monolayer film was obtained with an optimized surface pressure (10 mN/m). Repeated LB deposition of the monolayer could yield multilayer nanofilms (Ti 0.87 O 2 ) n . The as-fabricated films were irradiated by UV white light from a Xe lamp (4 mW/cm 2 ) for 48 h in order to decompose tetrabutylammonium hydroxide ions used in the exfoliation process. Details on film fabrication and characterization were described elsewhere.
14)16)
We performed in-situ high-temperature measurements of dielectric and insulating properties of both monolayer and multilayer films using AFM and micro prober technique. Hightemperature insulating properties of individual Ti 0.87 O 2 nanosheet were characterized by environment controlled scanning probe microscopy (SII Nanotech., E-Sweep). The metal-coated tip (Rhcoated Si cantilever, k = ³1.6 N/m) and conductive SrRuO 3 substrate were employed as upper and bottom electrodes, respectively. The topological and current mapping images were simultaneously observed under a contact mode with an applied voltage of ³1 V in vacuum (³10 ¹4 Pa) at 25, 100, and 200°C. Dielectric characterizations was also carried out by using multilayer films (Ti 0.87 O 2 ) n on a SrRuO 3 substrate (Fig. 3) . Au top-electrodes (30-nm-thick, 100¯m in diameter) were deposited using electron beam evaporation. Capacitance and tan ¤ were measured using a precision impedance analyzer (Agilent 4294A) in the range of 1 kHz5 MHz. Leakage current properties were measured using a semiconductor parameter analyzer (Keithley 4200-SCS).
Results and discussion
We first investigated the insulating behavior of individual Ti 0.87 O 2 nanosheets by conducting AFM (Fig. 4) . For characterization of individual nanosheets, we prepared a loosely packed monolayer film [ Fig. 4(a) ] with a low surface pressure (³5 mN/m). From a line profile [ Fig. 4(b) ], the thickness of the individual nanosheet was ³0.9 nm, which is consistent with the crystallographic thickness for monolayer Ti 1¹¤ O 2 [ Fig. 1(a) ]. In-situ AFM measurements of morphology and conducting maps were carried out at 25, 100, and 200°C. For 25°C, Ti 0.87 O 2 nanosheet showed a highly insulating behavior even in the monolayer (with 1-nm thickness). Comparing between morphological and conducting images [Figs. 4(d) and 4(e)], the nanosheet interior exhibited a high resistance with current level of <10 pA, whereas a highly conducting behavior was observed in the gap regions (i.e., SrRuO 3 substrate) between the nanosheets. From IV curves at various points [ Fig. 4(c) ], the onset of current flow occurred when the potential of the Rh cantilever was above +2.2 V and below ¹1. We note that the insulating properties were stable even at 200°C. As was evident from Figs. 4(f )4(i), there was no noticeable change in 2D morphology and insulating response at 100 and 200°C. Such a superior thermal stability was not specific to substrate choice and interface geometry; almost identical results were obtained from a Pt substrate with Au and Pt cantilevers. Thus, observed thermal stability is materials property inherent from Ti 0.87 O 2 nanosheet. Our previous structural studies revealed that the crystallization/nucleation is severely hindered in 2D nanosheets; 2D titania structure is stable up to 800°C even in a monolayer film. 17) We also observed unusual crystallization behaviors of anatase nanocrystallites from titania nanosheets. The crystallization temperature of anatase was dependent on the thickness, and bulk behavior appeared for the films thicker than 5 nm. These unusual behaviors can be understood in terms of crystallization from 2D system of scarcely distributed reactants. In 2D titania nanosheet, the crystallite is much thinner than the unit cell dimensions of anatase and, therefore, the shortage of component atoms to construct the anatase structure may be principally responsible for the inhibition of crystallization even at high temperatures. Such a robust thermal stability of titania nanosheets is advantageous for high-temperature applications.
Detailed evaluation on high-temperature dielectric and insulating properties was performed using multilayer nanofilms (Ti 0.87 O 2 ) n (n = 10). Figure 3 shows a typical cross-sectional transmission electron microscopy (TEM) image for the multilayer nanofilm (Ti 0.87 O 2 ) n on the SrRuO 3 substrate. There existed some imperfections such as cleavages and misalignments, which possible arose from sample damages during FIB process and TEM measurements. Nevertheless, this image clearly revealed a well-ordered lamellar structure corresponding to the layer-bylayer assembly. We also note that the interface is clean and atomically sharp without interfacial dead layer between (Ti 0.87 O 2 ) n and SrRuO 3 . Such an interface quality realizes the full potential of high-¬ nanosheets. The ¾ r value showed a rather flat frequency dispersion in the regime of 1 kHz5 MHz; the tan ¤ values were in the range of 25%. Such a high-¬ response of Ti 0.87 O 2 nanosheet showed a minimal variation as a function of temperature. With increasing temperature, the ¾ r value still kept high level (¾ r ³ 100) even at 200°C. However, the dielectric response was slightly degraded at high frequency region, possibly due to the incomplete polarization induced by thermal energy. The scattered dipole polarization cannot follow the high frequency. Other causes come from the depletion of residual water and NH 4 + ions. 14) This issue will be discussed in forthcoming structural studies. At 200°C, a stable dielectric response was obtained even in a high electrical field extending up to ³2 MV/cm. The field dependence (¾ r E curves) showed a typical paraelectric behavior; no hysteresis was observed when the applied electric field scanned from positive to negative bias. These results suggest a good dielectric stability of Ti 0.87 O 2 nanosheet against temperature. Figure 5 (b) shows the leakage current density versus applied voltage curves for the same nanocapacitor at 25, 100, and 200°C. At 25°C, the J value was of an order of 10 ¹7 A/cm 2 at +1 V, which almost agrees with that of our previous reports. at +1 V, which is three orders of magnitude lower than that of rutile TiO 2 films with a comparable thickness. 8) In the Au/ (Ti 0.87 O 2 ) n /SrRuO 3 nanocapacitors, the leakage current property is governed by a Schottky-type barrier; a contact between n-type nanosheet film and Au with a high work function, which allows the electrons to flow from the film into the electrode. 2D nanosheets with a large bandgap effectively blocks the current conduction, compared with bulk cases. Figure 6 summarizes the temperature dependence of the capacitance values for Ti 0.87 O 2 nanosheet and various high-¬ thin films.
23)26) Clearly, Ti 0.87 O 2 nanosheet exhibited a robust thermal stability over a wide temperature range (0250°C); the temperature characteristic of capacitance relative to 25°C value ("C/C RT ) was within ¹4.2%. We note that even with an extremely small thickness of ³10 nm, nanosheet-based capacitor shows a small temperature dependence, which is much lower than that (¹10%) of bulk TiO 2 in rutile but almost comparable to the best value («2%) for 20-nm CaBi 4 Ti 4 O 15 films.
25),26)
These results indicate that Ti 0.87 O 2 nanosheet is a useful candidate for high-temperature capacitor materials. From a practical viewpoint, thin-film geometries are critical for optimal efficiency with high storage density. However, typical high-¬ thin films such as Ba 1¹x Sr x TiO 3 almost always cause a size-induced degradation of the ¾ r response as the film thickness is reduced down to several nanometers. 4)6) In this context, Ti 0.87 O 2 nanosheet is quite unique; the high ¾ r values persist even in <10 nm, which is in sharp contrast to the size-induced dielectric collapse in typical high-¬ thin films. The simultaneous improvement of ¾ r and thermal stability in high-¬ nanodielectrics is of critical importance for applications of high-temperature capacitors.
Conclusions
We investigated high-temperature dielectric responses of Ti 0.87 O 2 nanosheet with a paraelectric ground. Through in-situ characterizations, we found a robust thermal stability of Ti 0.87 O 2 nanosheet even in a monolayer form, and layer-by-layer assembled nanocapacitors exhibited stable dielectric responses up to 250°C. Nanosheet-based nanocapacitors also retained both the size-free high-¾ r characteristic and high insulation resistance at high temperatures up to 250°C. In the nanofilms of in typical dielectric materials, the simultaneous improvement of high ¾ r , low temperature coefficient of ¾ r , and low tan ¤ are almost always mutually exclusive. Ti 0.87 O 2 nanosheet is an important candidate for high-temperature capacitor materials. 
